The comparative proteomic study of cell surfaces of native and drug-treated cancer cells was performed. To this end, cell proteomic footprinting, which reflects the mass spectrometry profiling of cell surface proteins, was applied to breast adenocarcinoma cells (MCF-7), which were untreated or treated with doxorubicin, tamoxifen, or etoposide. The footprints of drug-treated cells were compared with the footprints of untreated cells and the footprint of a randomly selected control cancer cell culture. It was found that drug-treated cells have reproducible, pronounced, and drug-specific changes in cell surface protein expression. Cytotoxicity assays, which are an in vitro model of human antitumor vaccination, revealed that the degree of these changes correlates directly with the ability of the cancer cells to escape cell death induced by a cytotoxic T-cell-mediated immune response. Moreover, cancer cells escape from the immune response was linearly approximated (R 2 equal to 0.99) with the degree by which their proteomic footprints diverged from the footprint of the targeted (native) cancer cells. From these findings, it was concluded that the design of anticancer vaccines intended to prevent cancer recurrence after primary treatment should consider the drug-specific changes in cancer cell-surface antigens. Such changes can be easily identified by cell proteomic footprinting, renewing hopes for development of efficient cellular cancer vaccines.
Despite tremendous progress in basic and epidemiological research, effective prevention of most types of cancer is still lacking (1) . Cancer recurrence after primary treatment contributes to the low five-year survival rate of 63% (2) . Therefore, development of effective preventive therapies may profoundly reduce cancer-related death rates, and a vaccine that specifically prevents cancer recurrence is a promising prospect. Cancer vaccines contain cancer cell-specific antigens, and, thereby, may induce the immune response against cancer cells that may appear or are already in the body. Among cancer vaccines, vaccines that use cancer cells as a source of antigens have shown great potential for prevention of different types of cancers (3) . Such cell-based vaccines are thought to have an advantage over other immunotherapies that target only specific epitopes because cell-based vaccines can induce an immune response against multiple tumor associated antigens (TAA) 1 , most of which have not been isolated or characterized (4) . However, immunization with cancer cellbased vaccines has not resulted in significant long-term therapeutic benefits, so this aspect of cell-based vaccinations requires further development (5) .
One of the main causes of cancer recurrence is the development of drug resistance by the cancer cells. Exposure to chemotherapy drugs kills cells that are sensitive to the effects of the drug, but drug-resistant cancer cells will survive and multiply (6) . Therefore, cancer cells in a patient's body undergo strict selective pressure, and drug-treatment may induce changes in the cellular antigens expressed by a subset of cancer cells, allowing these drug-resistant cells to escape a vaccine-induced immune response, as well. These changes can be evaluated with proteomic studies comparing the cellular antigens expressed by cancer cells before and after drug-treatment. Obtained results can be compared with the ability of untreated and treated cells to escape from the immune response to determine whether drug-induced changes in cell-surface antigens prevent immune-mediated recognition and destruction of the cells.
It is known that the meaningful targets for immune responses are mainly domains of cell surface-expressed pro-teins and glycoproteins that are accessible to antibodies and cytotoxic immune cells (7) (8) (9) . These targets are also accessible to proteases and, therefore, can be isolated in vitro by proteolytic cleavage. Recently, it was shown that these proteolytically separated cell-surface antigens can be analyzed easily using mass spectrometry, a technique related to cell proteomic footprinting (10) . By comparing the proteomic footprint of drug-treated cancer cells with the proteomic footprint of the native cancer cells, the degree of drug-induced changes in cell-surface antigen expression can be measured. Therefore, this study compared the proteomic footprints of MCF-7 cancer cells before and after drug-treatment. The effect of the footprint change on the ability to escape from the immune response was determined with cytotoxicity assays, as an in vitro model of immune response following cell-based anticancer vaccination.
EXPERIMENTAL PROCEDURES
Determination of IC96 and IC50 Doses-Sensitivities of cell lines to various anticancer drugs were examined using the Cell-Counting Kit technique as detailed previously (11) . Briefly, MCF-7 cells (human breast adenocarcinoma cell line; ATCC, Manassas, VA) were plated at a density of 1000 -5000 cells per well in 96-well plates containing 100 l of culture medium. After 24 h incubation at 37°C, drugs (doxorubicin hydrochloride, tamoxifen, etoposide; Sigma-Aldrich) were added into wells to a final volume of 200 l per well and incubated for an additional 72 h. Cell-Counting Kit reagent was then added into each well and incubated for 4 h before reading at a wavelength of 450 nm (Multiskan JX, Labsystems, Waltham, MA). Sublethal doses (submaximal inhibitory concentration (IC96); ϳ96% of cells killed) and half maximal inhibitory concentration (IC50) were calculated from doseresponse curves obtained from three independent experiments.
Cell Selection Protocol-Drug-selected MCF-7 cell cultures were established by employing a single-step selection with sublethal doses of doxorubicin, tamoxifen, or etoposide treatment for 3 days, followed by culture in drug-free medium. Briefly, 10,000 cells were seeded in a 100 ϫ 20 mm tissue culture dish with drug. Medium with drug was changed three times during the selection and, subsequently, the cells were maintained in medium without drug until cells were 75% confluent. Additionally, MCF-7 cells were treated with an IC50 dose of etoposide, and MCF-7 cells treated with 2 separate IC50 or IC96 doses of etoposide.
Preparation of Tumor Associated Antigens from MCF-7 and HepG2 Cells-TAA were prepared as described previously (12) . Untreated MCF-7 cells, drug-treated MCF-7 cells, and HepG2 cells (human hepatocellular carcinoma cell line, ATCC), were grown to 75% confluence in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen). The cells were washed five times with Hank's Balanced Salt Solution and trypsin (0.2 g/ml, 15,000 U/mg; Promega, Madison, WI) solution prepared on Hank's Balanced Salt Solution was added to the cells (40 l/cm 2 ). Cells were incubated at 37°C in saturated humidity for 20 min before the trypsin solution was collected and centrifuged (600 ϫ g for 5 min). The resulting supernatant contained cell-surface protein fragments, which naturally include TAA (12) (13) (14) . (12, 15) .
Cell Proteomic Footprinting-The obtained antigen solutions were desalted by using ZipTip C18 (Millipore Corp., Billerica, MA) according to the manufacturer's protocol. Matrix-assisted laser desorption ionization (MALDI) samples were prepared using a standard "dried droplet" method with 2,5-dihydroxybenzoic acid as the matrix. All mass spectra were acquired on an AutoFLEX MALDI-time-of-flight (TOF) mass spectrometer (Bruker Daltonik, Germany) in linear positive ion mode. The mass spectrometer was set up for priority detection of ions with the m/z range from 600 to 3500 at a mass accuracy of 80 -100 ppm. Mass peak lists were created manually. All peaks above noise level were selected to generate peak lists that represent the cell proteomic footprints (10) .
Footprint Processing-Resultant lists of peak intensities from each cell culture (proteomic footprints) were pooled using Matlab software (Mathworks, USA). Two peaks were considered to be related to the same ion if their mass difference did not exceed 0.2 Da. Pooled intensities were processed by principal component analysis (PCA) using the princomp function of the Matlab program. Projections of peak intensities on the first two principal components were used for visualization of the similarity/divergence among footprints.
Preparation of TAA-loaded Dendritic Cells-The donor blood was kindly provided by Dr. Kira F. Kim (National Medico-Surgical Center, Moscow, Russia). The blood usage for the study was approved by relevant ethical review committee, and donor (healthy women, 39 years old) gave written informed consent. Dendritic cells (DC) were generated as described previously (16) . Briefly, fresh peripheral blood mononuclear cells (PBMC) were isolated from donor blood by FicollHypaque gradient centrifugation and then allowed to adhere to culture flasks for 2 h. The nonadherent cell fraction was collected and centrifuged. Cell pellets were mixed with autologous serum contain- ing 10% dimethyl sulfoxide and stored in liquid nitrogen. Cryopreserved nonadherent PBMC were used later as a source of effector cells (cytotoxic T lymphocytes, CTL) for cytotoxicity assays. The adherent cell fraction was harvested and cultured in RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine serum in the presence of 1000 U/ml granulocyte macrophage colony-stimulating factor and 1000 U/ml interleukin-4 (Sigma-Aldrich) to produce immature DC. Immature DC were cultured for 6 days, then TAA solutions were added to equal volumes of immature DC. After 3 h of incubation, DC maturation was induced by treatment with 1000 U/ml of tumor ne- crosis factor-␣ (Sigma-Aldrich) for 48 h. For successive cycles of CTL stimulation, aliquots of TAA-loaded DC were cryopreserved and thawed as needed. The freezing method used was described previously (17) .
Stimulation of CTL-TAA-loaded DC (4.5 ϫ 10 4 ) were combined with 9 ϫ 10 5 autologous nonadherent PBMC (1:20) in 4 ml of RPMI 1640 medium supplemented with 30 U/ml of clinical grade human interleukin-2 (Ronkoleukin, Russia) and 10% fetal bovine serum. The culture medium supplemented with interleukin-2 was replaced every third day. Additional antigen-loaded DC were added to PBMC 7 days after stimulation. After incubation for 5 days, the nonadherent PBMC containing stimulated CTL were washed by centrifugation and used as effector CTL in cytotoxicity assays.
Cytotoxicity Assays with CTL-MCF-7 cells were seeded at 5 ϫ 10 3 cells/well in 48-well culture plates. After 48 h of incubation, cultures expanded to 5 ϫ 10 4 cells/well. At this point, effector CTL were added to MCF-7 cells at a ratio of 8:1. After 24 h of incubation, wells were washed to remove CTL, and the remaining attached cancer cells were trypsinized and measured for viability by trypan blue exclusion (18) . Cell counts from three separate measurements were averaged, and the number of surviving cancer cells was plotted against correlation coefficients calculated pairwise for the proteomic footprints of target (native) MCF-7 cells and the drug-treated cells used to obtain the TAA. Additionally, the cancer cells remaining in the wells after the cytotoxicity assay were photographed using an inverted microscope (Olympus CKX41).
RESULTS

Drug Selection of MCF-7 Cells-In MCF-7 cells, the IC96
were determined to be 5.5 M for doxorubicin, 32 M for tamoxifen, and 1000 M for etoposide. The IC50 dose of etoposide was 5.5 M (Fig. 1) . Therefore, these doses were used for the selection of drug-resistant cells. Treatment of MCF-7 cells with the selected doses resulted in survival of separate cells, which formed cell islands during cultivation (Fig. 2) . When these cells were 75% confluent, they were used for preparing TAA solutions.
Cell Proteomic Footprinting-MALDI-TOF mass spectrometry analysis of TAA resulted in detection of 180 Ϯ 27 (mean Ϯ standard deviation) positively charged ions of (glyco)peptides per sample. No significant changes in the number of detected ions were found between cell cultures. Typical mass spectra are shown in Fig. 3 .
PCA analysis revealed that the data in the proteomic footprints may be projected in the space of the two principal components (Fig. 4A) , which covered ϳ75% (61.3% and 13.9% for PC1 and PC2, respectively; values returned by the princomp function) of all variability presented in footprints. The PCA plot showed that spots related to footprints of drugtreated cells were located far from the spot for untreated MCF-7 cells. When the distances between the untreated MCF-7 cell spot and all other spots were measured, the closest spot was related to cells treated with doxorubicin. In the PC1 space, spots related to MCF-7 cells treated with etoposide and tamoxifen were close together, and the distance between these spots and the untreated MCF-7 cells spot was almost equal to the distance between the spot for HepG2 cells and untreated MCF- in the same area of the PC space.
Footprint correlation analysis confirmed that cell treatment with doxorubicin does not cause a pronounced change in the identity of cell-surface antigens (Fig. 4B) . However, cell surfaces are affected substantially by cell treatment with etoposide or tamoxifen. Moreover, footprints of cells double-treated with IC96 doses of etoposide diverged substantially from footprints of untreated cells, and the degree of divergence was similar to the degree of divergence between footprints of control HepG2 cells and untreated MCF-7 cells.
Cytotoxicity Assays-Microscopic inspection of target cells during the cytotoxicity assays revealed that the growth of target cells was not affected by incubation with CTL stimulated with unloaded DC (Fig. 5A) . In contrast, CTL stimulated with TAA untr -loaded DC or TAA Dox -loaded DC killed ϳ90% of target MCF-7 cells (Figs. 5B,5C ), whereas CTL stimulated with TAA Tmx -loaded DC killed only 40 -50% of target cells (Fig. 5E ). Cytotoxic activity was not observed when MCF-7 cells were incubated with CTL stimulated with TAA Etop II -loadedor TAA HepG2 -loaded DC (Fig. 5D, 5F ).
Counts of viable cells measured in cytotoxicity assays were negatively correlated (r ϭ -0.82) and linearly approximated (R 2 ϭ 0.71) with the values of the footprint correlations calculated pairwise for target MCF-7 cells and drug-treated cells from which TAA were obtained. For untreated and etoposidetreated MCF-7 cells, r and R 2 were equal to -0.99 and 0.99, respectively (Fig. 6) .
DISCUSSION
To perform a comparative proteomic study of cancer cells before and after drug treatment, we employed rapid, singlestep cell selection with sublethal drug doses to imitate almost total elimination of cancer cells by chemotherapy. In this case, surviving cancer cells are a good model of drug-selected cancer cells, which are the primary cause of cancer recurrence. Therefore, the antigen profiles of these cells were determined as an in vitro model designed to investigate the means by which these cells escape the immune response induced by cellular antigens.
The relevant targets for vaccine-induced immune responses are mainly domains of surface-expressed proteins and glycoproteins because they are accessible to antibodies and cytotoxic immune cells (7) (8) (9) 19) . These targets are also accessible to proteases and, therefore, can be isolated from the viable cells by proteolytic cleavage at noncytolytic conditions. At these conditions, contamination of obtained surface antigens with undesired intracellular content is avoided (12) (13) (14) , and the antigens can be profiled directly using mass spectrometry. This technique is related to 'proteomic foot- printing' (10) . Therefore, proteomic footprinting was applied to the drug-selected MCF-7 cells, and obtained footprints were compared with the footprints of native (i.e. untreated with drug) MCF-7 cells.
Visualization of the relationships between proteomic footprints was a first step in the footprint analysis. Footprints represent multivariable (multidimensional) characteristics of cells and consist of hundreds of peak intensities (variables). Therefore, the data reduction to two dimensions was essential. For this purpose, proteomic footprints were replaced by their projections in the space of the two principal components, which covered almost all variability presented in the footprints. Thus, dimensionality reduction was performed without essential loss of data, and the PCA plot demonstrates true relationships existing between footprints. From this plot, it may be realized that drug selection leads to pronounced and drug-specific changes on the surface of cancer cells. The spots relating to double etoposide IC96-treated MCF-7 cells were as far from the spot for native MCF-7 cells as the spot for unspecific control (HepG2 cells). This means that the profile of surface antigens on etoposide-treated cells lost specificity completely in relation to native cells. However, it may be concluded that tamoxifen induces fewer changes in cell-surface antigen expression. Changes induced by doxorubicin can be considered almost insignificant. Therefore, changes in cell-surface antigen expression induced by drug treatment can be considered drug-specific and ranged from relatively insignificant to pronounced.
To reveal any correlation between the observed changes in cell surface profiles of the cancer cells and their escape from immune response, a pairwise comparison of each footprint with the footprint of native MCF-7 cells was performed by correlation analysis. Obtained data were plotted against the results of cytotoxicity assays, where native MCF-7 cells were used as target cells. Results clearly showed that if drug selection was performed with the same drug, but at different doses and number of treatments, the cell escape from immune response depends strictly on cell-surface changes induced by this drug, which may lead to total escape from the immune response. Moreover, cancer cell escape from immune response can be exactly predicted by proteomic footprint data because they are linearly approximated, with R 2 almost equal to 1.
When different drugs were used for cell selection, induced changes in cell surface protein expression correlated less strictly with the ability of cells to escape from the CTL-mediated immune response. This phenomenon may be explained. Besides the fact that treatment of cells with different drugs resulted in selection of cell populations with different antigen profiles, these profiles include antigens with different antigenic properties. Therefore, cancer cell escape from CTLmediated immune response is likely to be a combined result of altered cell surface antigen profile, which was directly reflected in proteomic footprints, and antigenic properties of each particular antigen profile. The relatively high accuracy of linear approximation observed in this study shows that cell escape can be predicted from the footprinting data, as well, and it can be done for cancer cells treated with unidentified drug or drug composition. CONCLUSION We have demonstrated that the specific antigens expressed on the cell-surface of cancer cells are substantially modified under selective pressure of chemotherapeutic drugs. Induced changes are drug-specific, reproducible, and may be pronounced. The cancer cells escape from the immune response correlates directly with the degree of these changes in antigen expression. Therefore, cellular cancer vaccines developed for administration after chemotherapy treatments must be designed with the differential expression of cell-surface antigens induced by the chemotherapy in mind. Cell proteomic footprinting, which is a reproducible and informative method for profiling cell surface targets, may be a valuable method for identifying the changes in cell-surface protein expression.
